A laser beam heats a mixture of ethanol and anthocyanins producing the effect of a reciprocating machine. This behaviour is analyzed in terms of the stable, metastable and unstable states of Landau and Lifschitz. Trying first with the van der Waals equation of state, with negative results because the system state is normally far from the critical state, a modified version, with van der Waals coefficients depending linearly on the temperature is proposed, based in the thermodynamic properties of ethanol at room and critical temperatures. The resulting theory allows us to understand the discontinuous results concerning the absorption of the laser beam in terms of a thermodynamic cycle and its frequency dependence on the laser light focus position. Slight changes in the experimental setup may enable the measurement of thermodynamic properties in metastable states.
INTRODUCTION
The relationship between optical and physicochemical properties of natural pigments have attracted increased attention in the literature since Graetzel's pioneering work [1] not only for the interesting basic science involved, but also because of their use for solar cells and other optoelectronic devices. Indeed, a number of natural produces, such as betalains [2, 3] , carotenoids [4, 5] , chlorophyll [5] , bixin [6] and many others, have been studied in terms of both their chemical behavior and stability under light, aiming to produce novel, environmentallyfriendly and durable components for energy harvesting. However, other properties of natural pigments, such as catalytic [7] and even biochemical [8] have been proposed in the past but have been scarcely explored, in spite of their potential technological relevance.
Moreover, according to very recent works [6, 9] there exist evidences of nonlinear behavior of the optical properties of many natural pigments-based systems, which are just beginning to be explored. However, the thermodynamics behind such non-linear characteristics has not been addressed at all, which limits not only the understanding of the science involved, but also the potential technological applications. Accordingly, in this present paper we present a detailed analysis of the thermodynamics behind a very unique oscillatory behavior of a mixture alcohol/natural anthocyanin, which could be employed as an optical switch [9] .
EXPERIMENTAL BACKGROUND
Chiu et al. [9] have prepared a mixture of ethanol with an extract of Hibiscus sabdariffa L, a natural anthocyanin, which is then placed in a very narrow Thermodynamics of natural pigment-doped ethanol under monochromatic laser irradiation optical chamber (thickness  = 200 m) and submitted to a 45 mW laser beam. The experimental setup is shown in Fig. 1 , where both lenses havea common focal length of 50 mm. The chamber may be precisely displaced along the lenses' axis, to vary the distance from its middle plane to the lenses' common focus. The available laser light after this interaction, is gathered by the right hand lens, and its total power recorded. The laser is applied on a truncated cone, so thin that it may be approximated by a cylinder, to be called the activation cylinder, whose left radius is r 0 = x o /2. Fig. 2 shows the power recorded by the sensor, i.e., of that part of the beam which is able to go through the dopped ethanol. Remark that the power presents a step-like transition from 2 to 35 mW, that is, the system suddenly stops absorbing light. We think that this is due to a sudden vaporization of ethanol, and to remain in such state for 1 ms, approximately, when the ethanol begins to recover its liquid state. We define our system  as that part of the ethanol which was initially in the cylinder of activation, z moles, for a given distance . As it absorbs heat, its radius, which we may write as r = r(t), increases, although the heat- Chiu's experimental setup. The laser light in the chamber has the form of a truncated cone.  1 , the distance between the common focus and the chamber's middle place, is varied to modify the laser intensity. ing zone, r  r o , the activation cylinder, remains fixed. We represent the surrounding ethanol, found between r(t) and , by  r. Since  grows very fast when a part of it evaporates, it excerts a big pressure on  r , forcing its inner boundary to move outwards, and reacting itself on , due to its viscosity. Thus,  must do work against  r . Recall that  r is submitted to the atmospheric pressure p 1 = 10 5 Pa along its outer boundary.
In this process, the system remains liquid until, suddenly, evaporates. However, this is not the evaporation along the equilibrium line between liquid and vapor, where both pressure and temperature remain fixed, a continuous process, but of a steady rise in temperature, while the pressure remains fixed and equal to the atmospheric pressure, until a certain state is attained, when a sudden transformation from liquid to vapor is produced. We shall discuss the absorption of heat by our system in Section 4.1, and how it looses it by thermal contact with the chamber walls, in section 4.2.
THERMODYNAMIC FRAMEWORK

Theory
According to the classical work by Landau and Lifshitz [10] , the states of the system at temperature T can be represented in the volume v pressure p diagram, as in Fig. 3 , which is basically the original by Landau and Lifshitz, except that the curves were plotted using the van der Waals equation. The arcs of the red curve that go from a to b and from e up to f, represent the isotherm at temperature T for the liquid and gaseous states, respectively. Being the system in state b, an isothermal expansion can Fig. 3 . Metastable states and their unstable boundary according to Landau [10] . produce, either a displacement along the horizontal green segment be, where the liquid is in equilibrium with its vapor, or along the arc bc, the superheated liquid. Similarly, at point e, an isothermal compression can produce either a displacement along the line eb or an overcooled vapour along arc ed. When a set of isotherms is plotted, the bell whose boundary is the black curve bK e , where K corresponds to the critical point, encloses all the states (v; p; T), in which the system can be in one or two phases. Back to the isotherm at temperature T, the states found in arcs bc and de are metastable, b and e stable, and c and d, impossible from the thermodynamics' standpoint. This is because the thermodynamic states must satisfy the inequality [10] :
This condition, however, is not fulfilled at c and d, but rather:
also satisfied by all the states 1 along the dark blue line AcKdB, which encloses all the thermodynamical states in which the system cannot exist in a single phase. Between the bell-shaped curves AcKdB and bKe is the region of metastable states.
Thermodynamic modeling of the process
According to the above, the complete process is represented in Fig. 4 . The heating produced by the laser beam takes the system  along the atmospheric pressure magenta line, which we can identify in the lower left corner of Fig. 4 . The process begins at the far left, without label, in the initial state at temperature T 1 and atmospheric pressure p 1 . The temperature rises, due to the laser heating, and the system reaches first the outer bell (black) at the state labeled , where the zone of metastable states begins. Laser heating continues until the system reaches the inner bell (dark blue), at the state labeled c, with pressure p c , molar volume v c , and temperature T c , of some isotherm T c , plotted in red. Not being able to stay in one phase, the liquid spontaneously begins a decomposition of a part in its vapor 2 . From the thermodynamic point of view, this means a transition from the state c to some point along the equilibrium line at temperature T c , provided that the system is maintained at constant temperature. However, according to Chiu et al. 9] , it is not the system temperature which remains constant, but the outer boundary of  r which is kept under atmospheric pressure p 1 .
To understand the resulting process, we can decompose the volume v c of , whose state is c, in volume elements. Let us consider the first one of these, which is converted to liquid and gas, both at temperature T c and pressure p V (T c ). Recall that the system is submitted to a lower pressure p, so that the produced vapor expands while pushing the inner boundary of  r , displacing it outwards. Since the viscosity of  r is opposed to such expansion, the pressure against which our system produces work increases. This same analysis is repeated on all the remaining elements into which v c was decomposed, giving rise to a rapid process, without heat exchange, and therefore, adiabatic, which allows us to deduce that the temperature falls from T c to a certain average value T  , while the process will be characterized also by a certain average value p  , of the pressure against which  realizes work, with According to the above, the system spontaneously jumps not to the liquid vapor equilibrium line at temperature T c , but to that of a cooler (purple) isotherm at temperature T  , due to the adiabatic expansion. Since the system falls to a liquid-vapor equilibrium state at that temperature, the reached state is at some point in the horizontal segment b'e', the isobar of coexistenceliquid-vapor, at pressure p  = p v (T  ). The volume v  is made up of a certain amount  of vapor, whose molar volume is v g (T  ) and 1- of liquid, whosemolar volume is v l (T  ). Our objective is to calculate the amount T  of vapor produced as a function of the temperature T  , which is unknown.
From the state (v  ; p  ), while  r is submitted to atmospheric pressure on its outer boundary,  must fall to a state in the atmospheric isobar, where the thermal contact of ethanol with the walls of the container, cools it down, reducing its volume along the atmospheric isobar, the vapor condenses down to the  state, where a new cycle begins.
In what follows, a subscript  will be assigned to the thermodynamic variables in that state. According to the first law of thermodynamics:
where q = 0 is the absorbed heat and w, the work done on the system. Assuming, during this expansion, that the system works against a pressure p  , we can write:
In this way,  pushes its surroundings, but only does work on  r , since we assume that the glass walls of the chamber remain fixed. , the resulting state, a liquid and vapor mixture at temperature T  has a molar volume v  and molar energy u  given by
The system volume increase produced by evaporation, suddenly decreases the absorption of laser light, as we will show in Section 4.1, resulting in a discontinuous jump in the quantity of light that crosses the activation cylinder. Then the system starts to be cooled down by its contact with the walls, until it is condensed again, thus beginning a new cycle.
Evaluation of ethanol properties from van der Waals equation
To analyze this process, we will describe the ethanol using the van der Waals equation, which, although only depends on two parameters, it does contain the germ of both stable and unstable states, providing thus a good picture of the real process.
The gas constant R is given by
while the a and b of Eq. (7) are given by [11] 8.407 10 m mol .
The unstable states satisfy Eq. (2), which can be written for a van der Waals gas as:
Deducing RT and substituting it in Eq. (7), we obtain:
At the state c, mentioned in Section 3, the pressure is p 1 , i.e, the atmospheric. The equation p e (a,b,v) = p 1 has three real roots. The negative one will be neglected. The smallest and biggest of the other two roots correspond to points c and d of Fig.  3 . Form here, it follows that the volume in c is v c = 1.685 x 10 -4 m 3 mol -1 , whereas the temperature T c = 436.6 K can be deduced from Eq. (11) .
At that point, the atmospheric isobar is tangent to the minimum of the van der Waals isotherm, at temperature T c , whose molar volume is v c . The vapor pressure associated with this isotherm, which we have calculated using Maxwell's rule of equal areas, turns out to be p v (T c ) = 3.148 x 10 6 Pa, while the molar volumes of the liquid v l and vapor v g are 1.38 x 10 -4 and8.08 x 10 -4 m 3 mol -1 , respectively. There is, however, a problem. According to Eq. (7), and the parameters corresponding to ethanol, Eqs. (9) and (10) 
Evaluation of ethanol properties from a modified van der Waals equation
Instead of working with the van der Waals equation for ethanol, with the values of constants a and b given by Eqs. (9) - (10) 5.275 10 m mol .
In order to determine the parameter a we can impose, either that the preceding values are produced at temperature T = 298.4 or that the vapor pressure is p v = 8 kPa. We preferred to impose the temperature, which has led us to to adopt the value a 6 2 1.436 m Pa mol .
From the given values for a and b, we can deduce that the vapor pressure must take the value p v = 8031.68 Pa, which almost coincides with the experimental value. The chosen values for a and b produces good results around T = 298.4. However, as soon as we tried to calculate the temperature of the isotherm whose minimum, the point c, is tangent to the atmospheric isobar, we obtained a temperature above the critical temperature, which cannot be. We took then the decision to adopt temperature-dependent coefficients, leading to a Modified van der Waals Equation of State (MVDW), that is, a = a(T) and b = b(T), given by: 3 The van der Waals parameters are calculated normally from the data at the critical state. 
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from this, the MVDW equation of state is:
where a(T) and b(T) are given by Eqs. (15) 
from which T can be determined:
and substituted in Eq. (18): 
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axis of the abscissas, a merit of the approach proposed in this Section. As we explained in Section 3, the system jumps from state c not to a point of the liquid-vapor equilibrium line at temperature T c , but to a state found in the b'e' isobar, the equilibrium line of the T  isotherm. We still have no idea whatsoever of the temperature T  , but we do want to calculate at which point, as a function of T  , the system ends. For that we need the molar energy of ethanol depending on the molar volume v and the absolute temperature T.
Molar energy u = u(T,v)
We take as a starting point the following thermodynamic identity, the basis of which is found, for example, in section 16 of the Landau textbook [10] .
Let us calculate (p/T) v from Eq. (18), with the coefficients a(T) and b(T) given by Eqs. (15), (16), and (17)
.
We thus propose for the molar energy u(T,v): 
Since this function has a second order pole in v =
b(T), and the liquid molar volume v l (T) is close to b(T), we will calculate the preceding function in the vapor molar volume v g (T). f'(T) is thus given by:
Using the data for c v (T,v g (T)) reported by Schroeder [12] , we can plot f'(T) in Fig. 6 . Since the temperature of our system varies between 298.4 and 480K, we can approximate f'(T) by the straight line: 
Transition from state c to state 
We write the first law, Eq. (3), taking into account that q = 0, since we have assumed the process to be so fast that the system is not able to exchange heat with its surroundings, and that work is given by Eq. (4):
where v  is given by Eq. (5) and u  by Eq. (6) . From the resulting identity we can deduce , the fraction of vapor, as a function of T  :
where we have defined the enthalpy as h = u + pv, to be calculated either in v = v g (T), the molar vapor volume, or in v = v l (T  ), the molar liquid volume, obtaining thus h g and h l . (T  ) is plotted in Fig. 7 , where we can see that the lowest vapor production occurs when there is no decrease in temperature, i.e. when T  = T c . Until now we know nothing of T  , except that it must be below T c , in view of the continuous adiabatic expansion as the superheated liquid evaporates. This result allows us to completely locate the state  for a given value of the temperature T  . We can see that T  must be above room temperature T 1 . The volume v  can be calculated as a function of : Fig. 8 shows the ratio of v  =v c , which measures the volume increase due to evaporation, only from T  = 380K to T = T c due to the discussion presented in Section 3.1. At T = T c , when there is no temperature drop, this coefficient is minimum and equal to 1.77.
If the system evolution went through equilibrium states
If we apply a very low power laser radiation, the system evolves along states of thermodynamic equilibrium, always under atmospheric pressure. It starts at the left end (v 1 ,p 1 ), of the magenta line, where v 1 = 5.870 x 10 -5 m 3 /mol, and room temperature T 1 , warming up to state  at (v l (T  ), p 1 ), cf. Fig. 5 . As the laser beam continues to heat the system, the evaporation starts at this state, moving to the right, always under atmospheric pressure, until the magenta line cuts the external bell b'bee', when all the liquid is evaporated.
Return to initial conditions
The return to the initial state occurs along a path that we can draw in the volume pressure plane. The system is now in a state at temperature T  and pressure p v (T  ). The process of evaporation is over,  r ceases to react via the viscosity, the vapor pressure drops rapidly to the atmospheric level. The system is then cooled by contact with the glass walls of the chamber, the vapor becomes liquid and the system attains state . If now the laser is on, as we assume, the system will not continue to the initial state, but begin a new cycle, heading now towards state c.
HEAT ADDED TO THE SYSTEM
Power absorbed from the laser beam
Let  be the cross section that allows us to calculate the probability that a unit of the dissolved natural pigment captures a photon of frequency  and absorbs its energy. Since the laser frequency is fixed,  is a constant 4 . Denoting by q j the quantity of pigment in a mole of ethanol, there are q j N a dispersing units in a mole, where N a is Avogrado's number.
Let v 1 be the molar volume of ethanol at pressure p 1 and temperature T 1 , that is, the standard pressure and temperature conditions. The volume of the activation cylinder is, cf. Section 2,  o r 2 , so that, , the thermodynamic system consists of z moles,
The number of dispersing centers is zq j N a . However, only the fraction 
so, the probability of a photon being absorbed is so, the absorbed power is:
The preceding result assumes that there are no loses between emission at the laser and its arrival to . Let  b and  a stand for the fractions of power lost before and after . The power recorded at the sensor is given by:
, 4 The states of such particles are temperature dependent. In a sharper analysis, this fact should be taken into account.
where we have defined the volume of  as V  = r 2 (t). The cross section  introduced in this section solves two different problems. The fist one, connected with the probability to scatter and absorb a photon from the laser beam, is used in all the equations in this section, except Eq. (39), where it is connected with the probability to scatter. In the sequel, we assume that the difference between these cross sections is negligible.
Power loss
The partially evaporated ethanol at temperature T is in contact with the walls whose temperature is not far from T 1 , the room temperature. We assume that the heat exchange can be described by Newton's cooling law, i.e., that he heat flux Q e directed to the walls of the NLS chamber can be approximated by
where  is a constant. This exchange, very important when the system is evaporated, having thus a large volume, and exchanging a large amount of heat from the surroundings, drives the system  from state , to decrease its pressure to the atmospheric level, and finally to condense it, to return to state . Fig. 2 shows nine cycles extending along a time interval of 117 ms, with an average period of 13 ms. Remark the digital uncertainty in the lower part of the figure, a fact supporting a very strong interaction between the laser beam and the doped ethanol. These cycles show a certain reproducibility whose variations could be connected with temperature fluctuations between different cycles. We can locate precisely the time when the recorded power changes discontinuously, from a low value of less than 5 to more than 30 mW.
THEORY AGAINST EXPERIMENTAL RESULTS
Measured power
Recovered power analysis
The key to analyse Fig. 2 , the recorded laser beam power as a function of time, is Eq. (39) which shows that large values of the recorded power P s are connected with large values of the system volume V  . Thus, the minimum value of each one of the nine cycles should correspond with the system volume at state , while the power immediately before the upward discontinuity, with the system volume at state c. Following the same idea, we identify the largest power recorded with the largest system volume, when an important amount of liquid has been transformed into vapor. Focusing our attention on the largest signal P M and the following cycle, the following data coordinates (time (ms), power(W)) have been read off from Fig. 2 . Assuming that V  is so large for state producing the largest signal PM that Eq. (39) may be approximated by:
where nh = 0.045 W, we can deduce that 
We can thus write:
Calculating this ratio for P s = P c and P s = P  , we obtain 
which we may solve to determine q j = 1.259x10 -24 .
Pulse repetition rate and pulse width
As we have seen, the transition to state  occurs as the system state reaches state c, the temperature decreasing thus to T  = 395.34K, while the volume increases up to v  = 6.352 x 10 -3 m 3 /mol due to adiabatic expansion and work is performed against  r . Thence, to cool down to room temperature and condense down to state , where the cycle restarts. The time required to cool from T  to T  should be approximately constant. In fact, we can measure it directly, although approximately, by the time width of the pulses in Fig. 2 , since these pulses are visible only while the system is cooling by thermal contact with the walls.
This time width, according to Fig. 9 , varies from 0.56 to 0.77 ms, depending only in the distance  between the chamber's middle plane and the lenses' common focus. The very small variation observed is due to the activation cylinder volume, which grows as the absolute value of . When this volume is large, the heating time increases, a fact which also increases the temperature of all the system's boundaries, i.e., the temperature of the inner  r boundary and the temperature of the glass wall, lowering thus the boundaries' efficiency to cool the system. According to this plot, the pulse repetition rate decreases from 350 Hz, when  = 0, down to only 10 Hz, when  = 5 mm, the corresponding period (inverse of pulse repetition rate) varies from Since  cot  =  (/2), we obtain for  =  tan (/2) = 2 = 5 x 10 -15 m, almost as small as the size of a proton! If we set  = 0, we obtain the same fit. Our fit shows that the classical approximation  = 0 is good. Inserting It should be remarked that the thermodynamic properties of doped ethanol are well described by those of the pure ethanol, possibly due to a very low concentration q j  0.04. Also, the  introduced in Fig. 10 should be 0, that is, the classical approximation is good.
